Sonchus yellow net virus (SYNV) contains approximately 18 ~ lipid composed of 62 ~ phospholipids, 319/o sterols and 7 ~o triglycerides. The polar phospholipids consist of phosphatidyl choline, phosphatidyl ethanolamine, phosphatidyl serine, phosphatidyl inositol and phosphatidyl glycerol respectively. The fatty acid composition of the individual phospholipids includes various ratios of palmitic, stearic, oleic, linoleic and linolenic acids. The neutral lipid fraction is composed primarily of free sterols, sterol esters and triglycerides. Sterol glycosides are also present in the polar lipid fraction. Stigmasterol,/~-sitosterol, cholesterol and campesterol represent about 50 ~, 22 ~o, 20 ~o and 8~ respectively, by weight, of the total sterol, and both glycosylated and nonglycosylated derivatives are present. Galactolipids are not detectable in the SYNV preparations, although small amounts of other unidentified lipids are present. This study suggests that a large number of selected lipids are obtained from the host during assembly of virus particles.
INTRODUCTION
Electron microscopy of plant rhabdovirus preparations reveals bacilliform particles composed of a helical inner core surrounded by an envelope (for review, see Jackson et al., 1981) . This envelope can be dissociated with non-ionic detergents and separated from the helical core by centrifugation (Jackson, 1978) . Infectivity of the unenveloped cores is greatly reduced, and viral membrane proteins are associated with the dissociated membrane fraction (Francki & Randles, 1980) . These observations suggest that the lipoprotein envelope is an important structural feature of the virion and may be essential for protection and maximum infectivity. Furthermore, plant rhabdovirnses can be separated into at least two classes based upon location of newly formed virions in the cytoplasm or nucleus of infected cells (Francki & Randles, 1980; Hull, 1970; Martelli & Russo, 1977) . Therefore, it is important to determine the composition of the envelope in order to understand better its structure, function and origin.
The lipid composition of potato yellow dwarf virus (PYDV), wheat striate mosaic virus (WSMV) and northern cereal mosaic virus (NCMV) have been previously reported by Ahmed et at. (1964) , Sinha et al. (1976) and Toriyama (1972 Toriyama ( , 1976 respectively. The protein and nucleic acid compositions of sonchus yellow net virus (SYNV) have been determined (Jackson & Christie, 1977; Jackson, 1978) , but the lipid composition of this rhabdovirus has not been investigated. The present study provides a quantitative analysis of the lipid of highly purified preparations of SYNV.
METHODS
Virus maintenance and purification. SYNV (American Type Culture Collection PV-263) was propagated in Nicotiana x edwardsonii plants (Christie & Hall, 1979) ; leaves were collected 10 to 12 days after inoculation and purified as described by Jackson & Christie (1977) . Virus recovered from 250 g batche~ of leaves was suspended in 0.5 ml TMN buffer (0-1 M-Tris-HC1 pH 8-3; 0.01 M-magnesium acetate, 0.04 M-Na2SO3, 0.001 M-MnC12) and stored at -80 °C before freeze-drying and lipid extraction. The yield of virus was estimated by the Coomassie Brilliant Blue protein assay (Spector, 1978) reagent (Bio-Rad) to compare the amount of protein in purified preparations with a bovine serum albumin (BSA) standard. Purity of the virus preparations was monitored by E. SELSTAM AND A. O. JACKSON electron microscopy (Jackson & Christie, 1977) , or analysis of RNA by centrifugation in sucrose density gradients (Jackson, 1978) .
Extraction, purification and identification oflipids. Lipids were extracted from the purified virus at 0 °C with chloroform-methanol as described by Bligh & Dyer (1959) . The total lipid extract was separated into a neutral and two polar fractions by silicic acid column chromatography as previously described (Selld~n & Selstam, 1976) . Neutral lipids were first eluted from the column with chloroform. Sterol glycosides and esterified sterol glycosides were next eluted with 1 : 1 (v/v) chloroform : acetone followed by acetone. Phospholipids were subsequently eluted with methanol.
Precoated silicic acid plates (Machery-Nagel & Co., Diiren, F.R.G.) with a 0.25 mm-thick support were used for thin-layer chromatography. Neutral lipids were separated by chromatography in a solvent composed of petroleum ether (b.p. 40 to 60 °C):diethyl ether :formic acid (85:15:1, by vol.). The esterified sterol glycoside, sterol glycoside and the phospholipid fractions were separated with chloroform:methanol:acetic acid:water (170:30:20:7, by vol.) (Nichols et al., 1965) . In some experiments the phospholipids were separated by twodimensional chromatography in thin-layer plates with chloroform : methanol : water (65 : 25 : 4, by vol.) in the first dimension and chloroform:acetone:methanol:acetic acid:water (100:40:20:20:10, by vol.) to enable determination of the composition of phosphatidyl serine (Douce & Joyard, 1980a) .
Where appropriate, phospholipids, sterols, triglycerides, diglycerides and free fatty acids (Sigma) were used as reference standards. Galactolipids, sulphoquinovosyl diglyceride and sterol glycoside standards were extracted from oat leaves. In addition, the following colour reagents were used to aid identification of individual lipids after separation on thin-layer plates. (i) 50 ~ H: SO4 in methanol. This reagent stains sugar-and sterol-containing lipids blue to red, while other lipids produce a brown colour. All organic substances subsequently turn black after heat charring (Nichols, 1964) . (ii) Ammonium molybda.te (Vaskovsky & Kostetsky, 1968) . Lipids containing phosphorus develop a blue colour. (iii) Dragendorf's reagent (20 ml 1.7~ bismuth nitrate in 20~ acetic acid, 5 ml 40~ aqueous KI and 70 ml water). Phosphatidyl choline turns yellow (Wagner et al., 1961) . (iv) Ninhydrin reagent (0-2~ in ethanol). This reagent stains phosphatidyl ethanolamine and phosphatidyl serine pink (Nichols, 1964) . (v) Periodate SchitFs reagent (Shaw, 1968) . A blue to red stain appears upon reaction with phosphatidyl glycerol, phosphatidyl inositol and sulphoquinovosyl diglyceride.
Lipid quantification. Phospholipids and triglycerides were analysed after separation by thin-layer chromatography. After chromatography the plates were sprayed with 0-02~ 2,7-dichlorofluorescein in methanol and visualized in u.v. light to localize individual lipids. Dichlorofluorescein does not destroy lipids (Nichols, 1964) and does not interfere with subsequent analysis by gas-liquid chromatography (GLC). The acyl groups of the phospholipids and triglycerides were analysed by gas chromatography (Perkin Elmer, model 900) on an SP-2330 column (10 ~ on Chromosorb W A W 100/120 mesh, 0-2 x 200 cm) flushed with N z at a flow rate of 20 cm3/min and an isotherm of 170 °C. For this analysis, the acyl groups of the phospholipids and the triglycerides were first converted to meihyl esters with 14~ boron trifluoride in methanol (Morrison & Smith, 1964 ) added directly to the support scraped from the thin-layer plates. The methylated fatty acids were then removed from the boron trifluoride reagent with petroleum ether (b.p. 40 to 60 °C) and concentrated before GLC analysis. Methylated fatty acids were identified by comparing their retention times with standards. Heptadecanoic acid was used as an internal standard for quantitative analysis.
The proportion of individual sterols was estimated by gas chromatography on an SP-2250 column (3~ on Supelcoport, 100/120 mesh, 0.2 x 105 cm, flushed with N, at a flow rate of 25 cm 3/rnin, isotherm 250 °C). The gas chromatograph for sterol analysis was a Varian model 1400, and the peak areas of the sterols were quantified gravimetrically. To confirm further the presence of cholesterol, the sterol fraction was also analysed on an OV-202 column (3~ on Chromosorb W AW 80/100 mesh, 0-2 × 200 cm) and as a trimethylsilyl (TMS) derivative on an SE-30 capillary column (0.25 mm x 30 m, isotherm 270 °C).
Esterified sterols together with free sterols were analysed after hydrolysis of the neutral lipid fraction with 1 M-KOH in 90% ethanol for 3 h at 80 °C (Karunen et aL, 1980) . Sterol glycosides, separated from neutral lipids and phospholipids by silicic acid chromatography, were hydrolysed in 2.5 ~ HCI in methanol for 2 h at 90 °C followed by 1 M-NaOH in methanol for 3 h at 90 °C (Willemot, 1980) before GLC analysis.
RESULTS
Chloroplast fragments and cytoplasmic membranes may be major contaminants of plant rhabdovirus preparations if insufficient attention is given to developing a suitable purification protocol (Jackson et al., 198 l). A simple and rapid purification procedure developed for SYNV usually yields homogeneous preparations free of detectable host contaminants (Jackson & Christie, 1977; Jackson, 1978) . However, since absence of host membranes is especially critical in lipid studies of viruses, we have routinely monitored purity of individual SYNV preparations in several ways. These include examination of pellets of purified SYNV for discoloration caused Fig. 1 . Electron micrograph of purified SYNV. The virus was recovered from sucrose gradients, fixed for 15 min at 4 °C with a mixture of 2% formaldehyde and 2-5~ glutaraldehyde in 100 mM-sodium cacodylate pH 7.2, and pelleted by centrifugation. The virus was washed in 500 mM-sodium cacodylate pH 7.2, post-fixed for 5 h in 2~ OsO4 at room temperature and stained with 2~ uranyl acetate. The preparations were dehydrated in a graded acetone series, embedded in Polybed 812 embedding resin and sectioned. Thin sections were post-stained in 2.5% uranyl acetate and 1~o lead citrate and examined in a Philips EM 400 electron microscope at 80 kV. Bar marker represents 250 nm.
by chloroplast fragments, analysis of SYNV R N A for contaminating ribosomal R N A , and electron microscopy of purified preparations. Pellets of purified SYNV are normally a light tan colour with yields ranging from 200 to 4450 ~tg of protein per 100 g fresh weight of leaves. A few SYNV preparations obtained during the course of this study contained traces of green colour but these were not used for lipid analysis. Routine examination of the R N A from disrupted S Y N V preparations by sucrose density gradient centrifugation did not reveal appreciable ribosomal R N A contamination (data not shown), and almost all the structures present in thin sections of purified SYNV were virions (Fig. 1) . Moreover, previous studies (Jackson & Christie, 1977) have shown that mock purifications with healthy plants yield insufficient material for analysis. We are therefore confident that host contaminants did not appreciably interfere with our determinations of the lipids of SYNV.
Our calculations show that lipids constitute approximately 250 ~g per nag of SYNV protein (Table 1 ). The lipid fraction thus represents about 18~ of the virion, if one assumes that the protein composition of SYNV is 7 0~ and that the Coomassie Brilliant Blue assay accurately reflects the amount of virus protein.
Phospholipids are the major constituents of the polar lipid fraction and represent 6 2~ of the total lipid (Table 1) . The phospholipid fractions consist of phosphatidyl choline, phosphatidyl ethanolamine, phosphatidyl serine, phosphatidyl inositol and phosphatidyl glycerol in molar ratios of approximately 13:5:3 : 3 : 1 respectively, plus a small amount of an unidentified acyl lipid. Palmitic acid, linoleic acid and linolenic acid are the most abundant fatty acids in the phospholipid fraction, but smaller amounts of stearic and oleic acid are also present ( Table 2) . The fatty acids in the phosphatidyl choline and phosphatidyl ethanolamine fractions contain a higher proportion of unsaturated phospholipids than the phosphatidyl inositol and phosphatidyl glycerol fractions. The phosphatidyl choline and phosphatidyl ethanolamine fractions contain similar ratios of palmitic and linoleic acids, but the ratio of palmitic acid to linoleic acid increases more than twofold in the phosphatidyl inositol and phosphatidyl glycerol fractions (Table 2) . These shifts plus a slightly elevated level of linolenic acid account for the increased proportions of unsaturated fatty acids in the phosphatidyl choline and phosphatidyl ethanolamine fractions (Table 2) . The neutral lipids separate into six visible components on thin-layer chromatograms (data not shown). Two of these are free and esterified sterols, one is a triglyceride representing about 7 of the total lipid (Table 1) , but the remaining three were not identified. The Re value suggests that one of the unidentified components may be a free fatty acid. The acyl groups of the triglycerides are myristic, palmitic, palmitoleic, stearic, oleic, linoleic and linolenic acid. The mole percentages of these acids are 4, 32, 5, 13, 14, 26 and 6 respectively.
The free and esterified sterols and the free and esterified sterol glycosides represent 27 and 4~ of the total lipid fraction respectively (Table 1) . Stigmasterol is the most abundant component of the free and esterified sterols and represents about 50?/o of the weight of the total sterols. Cholesterol and fi-sitosterol each comprise about 20~, and campesterol represents abou t 8~ of the sterols. The relative proportions of unglycosylated cholesterol and campesterol are similar to proportions in the unglycosylated fractions. However, stigmasterol and #-sitosterol represent 50 and 22~o of the unglycosylated fraction compared with 30 and 44~ respectively, of the glycoside fraction. Since the presence of c(-tocopherol in the neutral lipid fraction may interfere with cholesterol analysis, the levels of ~-tocopherol in the SYNV preparations were measured on an OV-202 column capable of separating c(-tocopherol from cholesterol. However, detectable levels of ~-tocopherol were not found in the sterol samples; therefore, this compound did not cause artefacts in the cholesterol determinations. In addition, TMS derivatives of the free and esterified sterols were separated on a capillary column of SE 30. The relative composition of the individual sterols in the SE 30 column was the same as observed on the SP-2250 and OV-202 columns.
Neither galactolipids nor sulphoquinovosyl diglyceride were detected by charring thin-layer chromatograms. Since galactolipids and sulphoquinovosyl diglycerides are marker lipids for plastids (Douce & Joyard, 1980b) , the absence of these lipids further illustrates the high purity of the isolated virus.
DISCUSSION
The proportion of lipids in the envelope of SYNV (about 18~ of the weight of the virus particle) is nearly the same as that estimated for the lipids of PYDV (Ahmed et al., 1964) , but is somewhat lower than the 25~ reported for WSMV (Sinha et al., 1976) . Nevertheless, the distribution oflipids in SYNV is similar to both PYDV (Ahmed et al., 1964) and WSMV (Sinha et al., 1976) . In these rhabdoviruses, acyl lipids and sterols predominate. Phosphatidyl choline is the major phospholipid in all three viruses, but all contain phosphatidyl inositol and phosphatidyl serine, both of which may be important for incorporation of the matrix protein into the host membrane during virus assembly (Zakowski et al., 1981) . The fatty acid composition of WSMV has not been investigated, but palmitic, stearic, oleic, linoleic and linolenic acids are the major fatty acids present in both SYNV and PYDV. Sterols are present in SYNV, PYDV (Ahmed et al., 1964) , WSMV (Sinha et al., 1976) and NCMV (Toriyama, 1976) . However, the proportion of individual sterols has been determined only for SYNV and NCMV (Toriyama, 1976) . The major sterols present in both viruses are cholesterol, campesterol, stigmasterol, and fl-sitosterol. The proportions of cholesterol and stigmasterol in SYNV are twofold greater than reported for NCMV, whereas the proportion of fl-gitosterol is 50 ~ lower in SYNV than in NCMV.
Our results also show that the fatty acids of SYNV are more unsaturated than those of animal viruses such as vesicular stomatitis virus (VSV), but these differences probably reflect differences between the plant and animal membranes from which the viral envelopes are derived (Harwood, 1980; Mazliak, 1977; Compans & Klenk, 1979) . The ratios of palmitic, stearic, oleic and linoleic acids show little correlation between SYNV and VSV. Linolenic acid which represents 17 ~ of the fatty acids of SYNV is absent in VSV, but arachidonic acid present in VSV (McSharry & Wagner, 1971 ) is absent in SYNV as well as in higher plants. A similar correlation is evident with sphingomyelin, which represents more than 20~ of the phospholipids of VSV (McSharry & Wagner, 1971) and rabies virus (Diringer et al., 1973; Schlesinger et al., 1973) , but is absent in SYNV. These differences also correlate well with lipid composition at the putative subcellular sites of morphogenesis, since VSV and rabies virus assemble at animal membranes rich in sphingomyelin (Franke, 1974) , whereas SYNV accumulates at the plant nuclear membrane which lacks sphingomyelin (Philipp et al., 1976) .
Another major difference between SYNV and animal rhabdoviruses is the composition of sterols. The relative proportion of sterols in SYNV is slightly higher than those of either VSV (Patzer et al., 1978) or rabies (Diringer et al., 1973) . However, both animal viruses contain primarily cholesterol and cholesterol esters (McSharry & Wagner, 1971 ; Diringer et aL, 1973) , while SYNV contains greater amounts of stigmasterol and fl-sitosterol than cholesterol. In tobacco leaves, cholesterol represents 5~ (Trevathan et al., 1979) to 10~ (Grunwald, 1975) of the individual sterols, but in isolated nuclear membranes the proportion of cholesterol reportedly varies from none (Philipp et al., 1976) to 90~ of the sterol fraction (Kemp & Mercer, 1968; Duperon et al., 1972) . Therefore, with these discrepancies in mind, the presence of cholesterol in SYNV cannot be related to sites of assembly as has been done with some animal viruses (Compans & Klenk, 1979; Patzer et al., 1978) . However, since cholesterol is a wedgeshaped molecule it can mediate formation of non-lamellar phases (Khan et al., 1981 ; Wieslander et al., 1980) . Thus, the presence of cholesterol may be important for the final step in budding when the host membrane acquires viral polypeptides (David, 1977; Morrison & McQuain, 1978) and envelops the nucleocapsid. Sterols may also influence the subsequent reinfection stage where the virus may fuse with the host membrane at specific sites. In this regard, an absolute requirement for cholesterol has been demonstrated for fusion between the Semliki Forest virus membrane and liposomes (White & Helenius, 1980) . The substantial differences in the lipid composition of plant and animal rhabdoviruses imply that the molecular organization and interactions between individual components of the envelope also vary. Since viral membranes undoubtedly have similar structural requirements and common biological properties, additional comparative studies should reveal more detailed information about rules governing construction, general architecture and morphogenesis of enveloped viruses.
